Introduction
Paroxysmal dyskinesias (PxDs) are characterised by intermittent involuntary dystonic, choreiform and/or ballistic movements 1 . A variety of mutations have been linked to inherited PxDs, providing a platform to uncover cellular and circuit-level alterations underlying these disorders [1] [2] [3] . One form of PxD with a compelling molecular causation is KCNMA1-linked paroxysmal non-kinesigenic dyskinesia, termed PNKD3 (OMIM# 609446) 4 5 . Clinical features of PNKD3 include dystonic and choreiform movements of the mouth, tongue and extremities that can occur spontaneously but are also triggered by fatigue, stress and alcohol 5 . In some patients dyskinesia is co-morbid with absence or generalised tonic-clonic seizures 5 .
Prior work identified an autosomal dominant mutation (1301A→G) in the KCNMA1
locus that co-segregated with PNKD3 in a multi-generation family 5 . KCNMA1 encodes the α-subunit of the BK potassium channel (hSlo1). BK channels are activated by membrane depolarisation and increased intracellular Ca 2+ , and play conserved roles in modulating the repolarisation and fast afterhyperpolarization (AHP) phases of action potentials (APs) in both vertebrate and invertebrate neurons [6] [7] [8] [9] . The 1301A→G mutation replaces a negatively charged aspartic acid (D) at residue 434 with a neutral glycine (G) 5 , and in vitro analyses in non-excitable cells suggest that D434G acts as a gain-of-function (GOF) mutation by enhancing Ca 2+ -sensitivity, increasing the rate of channel activation, and slowing deactivation 5 10 11 .
While distinct mutations in KCNMA1 have been linked to PxD with partially overlapping clinical characteristics 12 , the D434G mutation has yet to be independently identified in other pedigrees. Thus, support from in vivo models linking equivalents of this mutation to altered movement would strengthen the connection between genotype and pathological phenotype in PNKD3. In addition, how D434G impacts the dynamics of APs in
neurons has yet to be explored. Here we utilise Drosophila to test whether the equivalent mutation to hSlo1 D434G disrupts motor control and alters AP waveforms in a manner consistent with BK channel GOF. 
Materials and Methods

Drosophila husbandry
Results
The D434 residue mutated in PNKD3 is located within the regulator of K + conductance 1 (RCK1) domain of the channel 5 ( Fig. 1A) , which contains binding sites for divalent cations and functions to connect Ca 2+ -binding to channel opening 11 . Consistent with its functional importance 5 10 11 , the D434 residue is highly conserved across Bilateria 13 (Fig. 1B ). D appears fixed in Deuterostomes at equivalent positions to hSlo1 434, while in Protostome orthologs, including the Drosophila BK channel α-subunit Slowpoke (SLO), a glutamic acid residue (E) is more prevalent (Fig. 1B) . Importantly, mutating the murine equivalent of D434 h period compared to controls (Fig. 1C) , an effect consistent across independently derived recombinant lines (Supplemental Fig. 3 ). Since male flies are inactive for much of the day 16 , we performed a detailed analysis of movement during a period of normally heightened activity: 0-1 h following lights-on in 12 h light: 12 h dark conditions. During this time span, we found that slo E366G/+ males initiate movement more frequently than controls (Fig. 1D) .
However, the duration of locomotor bouts was shorter, and overall locomotor speeds were significantly reduced, in slo E366G/+ males (Fig. 1E, F) . Similar results were observed in slo E366G/+ females (Supplemental Fig. 4) . Strikingly, upon detailed analysis of videos we also observed that many slo E366G/+ flies exhibited bouts of spontaneous leg-twitches (median duration: 3 s) reminiscent of jerk-like dyskinetic movements, and which were absent in controls ( Since motor control was clearly perturbed in slo E366G/+ flies, we next assessed how this mutation impacted neuronal physiology. We performed ex vivo patch-clamp recordings from a cluster of SLO-expressing neurons termed large ventral lateral neurons (l-LNvs) 17 , which can be identified based on their expression of the neuropeptide Pigment Dispersing Factor (PDF) ( Fig. 2A) . Passive membrane properties of l-LNvs were not altered in slo E366G/+ flies (Supplemental Fig. 6A, B) . In contrast, analysis of spontaneous APs demonstrated a significant reduction in mean AP amplitude and duration, as well as enhanced AHP amplitude and accelerated AHP kinetics, in the slo E366G/+ background ( Fig. 2B-F ). These findings are consistent with an enhancement of BK channel function in slo E366G/+ neurons [7] [8] [9] .
Interestingly, while the D434G mutation has been hypothesized to increase neuronal firing rates by enhancing the rate of sodium channel recovery 5 , we did not observe an alteration in either the rate of spontaneous firing (Supplemental Fig. 6C ) or of higher frequency firing induced by +20 or +40 pA current injections (Supplemental Fig. 7 ) in slo E366G/+ l-LNvs.
Finally, we sought to provide evidence that the E366G mutation causes SLO GOF at the organismal level. We recently identified a regulator of SLO called Dyschronic (DYSC), a PDZ-domain-containing ortholog of the human protein Whirlin that is mutated in the deafblindness disorder Usher syndrome 18 19 . DYSC binds to and promotes SLO expression in Drosophila neurons, and dysc mutants exhibit drastically reduced neuronal SLO levels and associated currents 18 .
Loss of DYSC disrupts clock-driven alterations in locomotion in adult
Drosophila, but gross motor capacity appears largely unimpaired in dysc mutants 18 . We therefore hypothesized that loss of DYSC might suppress motor dysfunction in slo E366G/+ flies by reducing the expression of pathogenic GOF SLO. To test this we utilised a distinct locomotor analysis platform, the Drosophila Activity Monitor (DAM), which enables automated recordings at higher throughput relative to DART 20 . We confirmed that reduced locomotion in slo E366G/+ flies can be quantified using the DAM (Fig. 2G ), then examined whether reduced DYSC levels (via homozygosity for the loss-of-function allele dysc s168 18 ) could rescue this phenotype. Indeed, we observed a restoration of locomotor activity in slo E366G/+ , dysc s168 double-mutants ( Fig. 2H) . Collectively, the above data provide evidence at both the cellular and organismal levels that the Drosophila equivalent of hSlo1 D434G
enhances BK channel function in vivo and impairs movement control.
Discussion
Here we present a Drosophila model of PNKD3 dyskinesia. The multifaceted alterations in motor control and sporadic leg twitches in slo E366G/+ flies support the genetic linkage of the KCNMA1 D434G mutation with dyskinesia 5 and suggest that BK potassium channels play conserved roles in the regulation of movement across Bilateria.
We distinguish two movement-related effects of the slo E366G/+ mutation: a highly penetrant perturbation of overall locomotor capacity, and a more variable phenotype consisting of sporadic bouts of leg twitches. In contrast, gross locomotor ability in PNKD3
patients is largely normal, with infrequent dyskinetic attacks generally triggered by alcohol, stress or fatigue 5 . Such differences in phenotypic penetrance and severity between Drosophila and humans may arise through several interlinking mechanisms, including the absence of modulatory BK channel β-subunits in Drosophila (known to alter the impact of the PNKD3 mutation on mammalian BK channel function 10 21 ), and species-specific differences in the expression of other ion channels contributing to AP dynamics as well as overall neural architecture. Nonetheless, the robust motor defects observed in slo E366G/+ flies are an advantageous aspect of this model, since high-throughput automated systems such as the DAM can now be deployed in concert with classical genetics to search for conserved genetic modifiers of these phenotypes.
The SLO E366G mutation alters neuronal AP waveforms in a manner consistent with BK channel GOF 7 , supporting an array of detailed studies examining how the D434G mutation and murine equivalents influence BK channel properties in non-neuronal cells 5 10 11 21 22 . However, further investigations are required to examine how these changes in AP dynamics impact overall synaptic output. Mammalian BK channels can both inhibit or enhance neurotransmitter release depending on cell-type 4 23-25 . Thus, elucidating the pathomechanisms underlying PNKD3 requires an understanding of both the neural subpopulations driving movement defects and how BK channel GOF alters their excitability. 
Generation of the slo E366G and slo loxP alleles
Ends-out homologous recombination was performed as described previously 1 2 .
Recombinogenic arms corresponding to the slo locus were amplified using the following a2_alternative_R2-validation_F (R2F) -TCCGCTTTAATCGCACACTA; GEPD_seq_1 -CCCCCACCTTCAACAACACA. We also sequenced the entirety of Arm 1 and Arm 2 postrecombination and did not find any additional sequence variants in these regions apart from previously described intronic polymorphisms 3 4 . To outcross each allele into an isogenic background, the following primers were used: OCF (forward primer) -
AGACTAGTCTAGGGTACCGCA, OCR (reverse primer) -TAGTTCCTTGAATTGGCAGCG.
OCF binds to a portion of the 76 bp of sequence incorporated into the intron upstream of exon 10 (which includes the single loxP site), and therefore will only generate a product in a slo E366G/+ or slo loxP/+ background.
Drosophila behavioural analyses
For behavioural analyses, three-to seven-day old male or female flies were collected and Subsequently, the lengths of movement streaks (streaks of 1's) were extracted and averaged. DAM data were analysed using a customised R script, which is available on were assessed in a frame-by-frame manner (frame rate: 30 Hz) to quantify the number of twitches during the bout.
Patch-clamp electrophysiology
Whole-cell patch clamp recordings were performed on large lateral ventral neurons (l-LN v)
as described previously 6 . To visualize the neurons a PDF::RFP fusion construct 7 was used and crossed to slo loxP/loxP homozygotes for control and slo 
Statistics
Data populations were initially examined for normal distributions using the Shapiro-Wilk test.
Statistical differences in normally distributed populations were tested for via unpaired t-tests Fig. 2 ). Since individual recombinant lines did not show any differences in overall movement (Supplemental Fig. 3 ), video analysis (Fig. 1G) , patch-clamp electrophysiology ( Fig. 2B-F ) and DAM studies (Fig. 2G, H (Fig. 1G ).
